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An external noise technique was used to investigate the stereoscopic process that generates an illusory phantom occluder from bin-
ocularly unmatched elements. Observers were required to identify the quadrant in which a binocularly deﬁned target was presented. We
had three targets: (a) two vertical binocular bars with the unmatched portions arranged to induce a stable phantom occluder (valid), (b)
the same stimuli except the image for the left eye was switched with that for the right eye therefore not inducing a stable occluder (inval-
id), and (c) a single binocular bar with the same unmatched portion (single-bar). For each target, the luminance contrast of the signal
required for 75% correct responses was measured at four levels of external interocular noise. Contrast thresholds were found to be lower
for the valid target than for both the invalid and the single-bar targets. The results suggest that the visual system has a stereoscopic detec-
tor that responds to stimuli that meet a long-distance requirement for the perception of partially occluding surfaces.
 2005 Elsevier Ltd. All rights reserved.
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The illusory surface seen with phantom stereopsis
(Gulick & Lawson, 1976; Liu, Stevenson, & Schor, 1994;
Nakayama & Shimojo, 1990) demonstrates the visual sys-
tems ability to recover occluding surfaces from binocular
information. Recently, Gillam and Nakayama (1999) cre-
ated a simple stereogram that presents two vertical bars
to each eye, one of which has a gap. This stereogram pro-
duces a compelling phantom occluder when the bar with
the gap is presented on the nasal side of the one without
the gap. It demonstrates that the perception of stereoscopic
occluding surfaces does not require positional disparities,
which have been shown to exist in Gulick and Lawsons
and Liu et als stimuli. See Fig. 1A.
The phantom occluder produced by Gillam and Nakay-
amas (1999) stereogram suggests two conceptually distin-
guishable requirements for the perception of occluding0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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E-mail address: hmitsudo@atr.jp (H. Mitsudo).surfaces: adjacent and long-distance. [The term ‘‘long-dis-
tance,’’ of which we elaborate shortly, has been used by
Kohly and Regan (2001, 2002a, 2002b) to discuss a similar
concept in another domain.] The adjacent requirement
states that, to perceive a local occluding edge, each un-
matched element be connected to a binocularly fused ele-
ment whose texture or color is identical to that of the
unmatched portion (Grove, Gillam, & Ono, 2002; Ha¨kki-
nen & Nyman, 2001). Although unmatched elements that
are separated from matched elements can induce a phan-
tom occluder (Nakayama & Shimojo, 1990, p. 1820), a
more stable surface appears when a stimulus meets this
requirement. Ha¨kkinen and Nyman (2001) have shown
that removing such binocularly fused elements makes the
phantom surface less stable. The long-distance requirement
states that, to perceive a stable occluding surface in front of
a ﬁxation plane, the spatial arrangement of two unmatched
portions be ecologically valid (i.e., as though a single cam-
ouﬂaged occluder causes the monocular gaps as shown in
Fig. 1A). Not meeting this requirement, such as inter-
changing the two eyes images (Fig. 1B), is said to weaken
A B C
Fig. 1. Stereopairs of retinal images (bottom panels) and the schematic description of the 3-D interpretation (top panels) when each pair is uncross-fused.
A binocularly unmatched area is indicated by a coarse-dot line. (A) The valid target: a pair of the vertical bars in which the right-side bar has a gap only in
the left eyes image and the left-side bar has a gap only in the right eyes image induces a stable phantom occluder (depicted by a solid line). (B) The invalid
target: interchanging the two eyes images of (A) does not induce a stable occluder. (C) The single-bar target: one of the two bars in (A) also does not
induce a stable surface. In (B) and (C), a phantom occluder is predicted by the adjacent requirement (depicted by ﬁne-dot lines) but the occluder seen is
known to be unstable.
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Nakayama, 1999). A rectangle surface in front of two bars
produces the pair of retinal images somewhat like those
shown in Fig. 1A, whereas a ‘‘real life’’ single occluder can-
not produce those shown in Fig. 1B.
An intriguing and unsolved issue is whether or not the
visual system has a low-level detector that responds to a
stimulus that meets the long-distance requirement. The
detector is assumed to respond suﬃciently to a stereopair
of inducing elements, such as that shown in the bottom
panel of Fig. 1A. One can hypothesize that each of the un-
matched elements is coded by a detector that responds to a
stimulus that meets the adjacent requirement; then higher-
order processes integrate the coded, supra-threshold
elements to construct the global structure. This view is
analogous to hierarchal models for generating monocular
illusory surfaces/contours (e.g., Grossberg & Mingolla,
1985). Furthermore, it explains the local phantom occluder
(or patch) that is seen by some observers2 when the binoc-
ular stimuli shown in Figs. 1B and C are presented. Alter-
natively, one can hypothesize that there is a detector (or
sub-threshold integrator) that responds to a stimulus that
meets the long-distance requirement (i.e., the bottom pan-
els of Fig. 1A). If phantom occluders are coded by detec-
tors sensitive to a global conﬁguration instead of serial,
supra-threshold integration mechanisms, detection is
expected to be easier for the global conﬁguration than
for the element composing the global conﬁguration. Such
a detector would be useful in recovering cluttered and over-
lapped occluders with a similar texture in natural scenes
(e.g., overlapped leaves and branches), because in these sit-
uations occluders are usually small and separated from1 Gillam and Nakayama (1999) pointed out that a trained observer
might report a white, amodally completed object on a black background
seen through the two vertical slits. We do not regard this interpretation as
meeting the long-distance requirement, because the object appears behind
a ﬁxation plane and therefore does not satisfy our deﬁnition.
2 We thank two reviewers for pointing out this issue.each other. This view is analogous to models that assume
the existence of low-level detectors that respond to monoc-
ular illusory contours induced by a set of local elements
rather than to each local inducer itself (Dresp & Bonnet,
1995; Gold, Murray, Bennett, & Sekuler, 2000).
The present study used the external noise technique
(e.g., Lu & Dosher, 1999; Pelli, Farell, & Moore, 2003)
to examine whether or not the visual system has a stereo-
scopic detector that responds to a stimulus that meets the
long-distance requirement. This technique allows us to sep-
arate an observers sensitivity to a speciﬁc pattern from the
observers internal noise. In this experiment, we presented a
brief display (200 ms) and asked observers to identify the
quadrant in which a binocularly deﬁned target was present-
ed. One target quadrant contained the bar(s) with un-
matched portions; each of the other three quadrants
contained the bar(s) without unmatched portions. We
determined the luminance contrast of the signal required
for 75% correct responses at four levels of interocularly
uncorrelated luminance noise.
Three targets were tested: (a) two vertical binocular bars
with unmatched portions that satisﬁed the long-distance
requirement (Fig. 1A, valid), (b) they were the same as
(a) but the stimulus for the left eye was switched with that
for the right eye violating the long-distance requirement
(Fig. 1B, invalid), and (c) a single vertical binocular bar
had the same unmatched portion (Fig. 1C, single-bar).
Note that each bar in all the targets satisﬁed the adjacent
requirement. An example of the three targets (and distrac-
tors) presented with external noise is shown in Figs. 2A–C.
The threshold contrasts obtained at the four noise levels
were used to estimate the sensitivity to each target pattern.
To do so, we applied the perceptual template model (Lu &
Dosher, 1999), which consists of a sensitivity parameter,
internal noise parameters, and a nonlinear factor (see Sec-
tion 2.5). We compared the sensitivity parameters of the
three targets.
If the visual system has no detector that responds to a
stimulus that meets the long-distance requirement, the
Fig. 2. An example of the stimuli with external luminance noise. Cross-
fusing (A–C) represents the valid, the invalid, and the single-bar targets,
respectively. The top-left quadrant of each panel contains the target; the
other three quadrants contain the three distractors.
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requirement (or to a local unmatched region) would deter-
mine the performance. If this hypothesis is correct, the sen-
sitivity to the valid target is expected to be the same as that
to the invalid target, because the same elements were used
for the two targets. Furthermore, the sensitivity to both
targets is expected be the same as that to the single-bar tar-
get.3 However, if the visual system has a detector that re-3 This prediction may sound strange because detectability is in general
known to be higher for a repetitive pattern than for the component pattern
(i.e., probability summation, Robson & Graham, 1981). With a low-
threshold assumption, however, the probability of detecting the pattern in
which a component is repeated twice (i.e., valid or invalid target) Ptwo is
mathematically equal to that of the component pattern (i.e., single-bar
target) Pone. This is proved as follows: Ptwo is the sum of the probability in
which (a) target location is correctly identiﬁed for both bars and that in
which (b) target location is correctly identiﬁed for one of the two bars. If
we assume that each bar is detected independently, probability (a) is P 2one.
As to (b), the probability of the event at which one of the two bars appears
at a correct target location is 2Pone(1  Pone). In case (b), an observer is
assumed to identify one of the two locations randomly. Hence,
P two ¼ P 2one þ 2P oneð1 P oneÞ=2 ¼ P one. Note that this conclusion is
speciﬁc to the case where pattern repetition is two, and that when pattern
repetition is more than two, the probability of detecting a repetitive
pattern is higher than that of detecting the component pattern. This
analysis assumes that a target is detected at a low-threshold (i.e., a
distractor is sometimes categorized as a target), because this assumption is
considered plausible in visual search tasks (Palmer, Verghese, & Pavel,
2000).sponds to a stimulus that meets the long-distance
requirement (i.e., the valid target and not the invalid tar-
get), the sensitivity to the valid target is expected to be
higher than that to the invalid target. Furthermore, the sen-
sitivity to the valid target is expected to be higher than that
to the single-bar target.
2. Methods
2.1. Observers
Four observers participated in the experiment. They all
had normal or corrected-to-normal vision. Three observers
were naı¨ve as to the purpose of the experiment and had no
prior experience participating in an experiment using a phan-
tom stereogram. The other observer was one of the authors,
HiM. Written consent was obtained from all observers.
2.2. Apparatus
An Apple Macintosh IIfx was used to present stimuli
and to collect data. Stimuli were presented on two gam-
ma-corrected CRT monitors (Apple Color Plus 14 in. Dis-
play). The monitors were viewed through two right-angle
prisms with a viewing distance of 85 cm. A chin rest was
used to stabilize the observers head. The experiment was
conducted in a darkened room.
2.3. Stimuli
Targets and distractors consisted of one or two vertical
bars (width, 5.9 0; height, 1.5) brighter than a gray back-
ground presented to each eye (Fig. 2). The luminance of
the background was 7.56 cd/m2. The target patterns had
binocularly unmatched gap(s), 41.5 0 in height (i.e., the
bar of one eyes image had a gap, that of the other eyes im-
age had no gap). Three types of targets (valid, invalid, and
single-bar) were tested (shown in the top-left quadrant in
Figs. 2A–C, respectively). The valid and the invalid targets
were composed of two bars (distance between the bars
41.5 0). The valid target (Figs. 1A and 2A) induced a stable
phantom surface, whereas the invalid target (Figs. 1B and
2B) did not. The single-bar target (Figs. 1C and 2C) also
did not induce a stable surface.
Three distractors, presentedwith each target, also consist-
ed of vertical bars but had no binocularly unmatched gap.
The three distractor patterns were the left-eyes pattern, the
right-eyes pattern, and the luminance-averaged pattern of
each binocular target. These distractors prevented observers
from detecting the target by monocular discrimination or
binocular discrimination based on luminance averaging.
One target and three distractors were presented in an
area subtending 3.0 · 3.0 of visual angle. Each quadrant
contained one target or one of the three distractors. Nonius
lines (23.7 0 · 23.7 0) were presented at the center of the two
screens and appeared as a cross when ﬁxated ‘‘correctly’’.
The bars composing the target and the distractors present-
H. Mitsudo et al. / Vision Research 46 (2006) 1180–1186 1183ed in the upper quadrants were connected with those of the
lower quadrants. Each bar was deﬁned by a constant incre-
ment in luminance (except for the gap portion(s) of one of
the distractors, see previous paragraph); the amount of the
increment was determined for each trial.
External interocular noise was introduced by adding
Gaussian luminance modulation to each 2 · 2 pixel patch
(3.0 0 · 3.0 0) of the stimulus independently for each eye
(i.e., the luminance noise added to each eyes image had
no correlation between the eyes). A truncated Gaussian
distribution (jzj 6 2.33 or .01 6 p 6 .99) was used. The
mean luminance of the noise was identical to that of the
background. The standard deviation of the noise added
to each eyes image was chosen from four levels, 0, .1, .2,
and .3 in root-mean-square (RMS) contrast (i.e., the stan-
dard deviation of the noise divided by the mean lumi-
nance). The noise used here had a binocular component,
whereas a similar technique used in investigating monocu-
lar Kanizsa illusory contours (Gold et al., 2000) does not.
2.4. Procedure
At each noise level, the threshold contrast required for
75% correct responses was measured for each of the three
targets, in separate sessions. We estimated the threshold
contrast by the weighted up–down staircase (Kaernbach,
1991) in which the ratio in step size between up and down
was 3:1.
The observers task was to identify the quadrant in which
a stereoscopically deﬁned target was presented (four-alter-
native forced choice). At the beginning of each session, the
target used in the session was indicated to observers with
anunrestricted viewing time. In addition, observerswere ver-
bally instructed that the bar(s) presented in the target quad-
rant may appear as ‘‘luster or rivalrous.’’ Although this
verbal instruction did not prevent the observers from seeing
phantom occluder(s) for any targets, no verbal explanation
on perceived occluder(s) was provided for any targets, there-
fore preventing potential top-down facilitation eﬀects for a
particular target. For each trial, the stimuli were presented
for 200 ms; observers were required to maintain ﬁxation
on the ﬁxation cross. An incorrect response triggered a tran-
sient (500 ms) change of the ﬁxation cross to a horizontal
line. The purpose of providing feedback was to encourage
observers to use all the experimentally provided available
information to perform the task. It was assumed that the
observers would use whatever cue was optimal for identify-
ing the target quadrant (i.e., a local or global phantom
occluder, a luster, or rivalrous bars). The inter-trial interval
(i.e., a blank screen with the ﬁxation cross) was 2.2 s.
There were three practice sessions, one for each target
type. Eachpractice session terminatedwhen the 12th reversal
in the staircase occurred. Twenty-four experimental sessions
consistedof the three target types · four noise levelswith two
replications. Each experimental session terminated when the
22ndreversaloccurred.The last 20 reversalswereused toesti-
mate the threshold by calculating the geometric mean of thecontrast values. The order of the 12 conditions was quasi-
counterbalanced among sessions and among observers.
2.5. Data analysis and model
Threshold contrasts were ﬁtted with the perceptual tem-
plate model (Lu & Dosher, 1999, 2000) for each observer.
Speciﬁcally, obtained contrast values c, deﬁned by the
luminance increment divided by the mean background
luminance, were ﬁtted with the following equation:
c ¼ 1
b
1þ N 2M
 
N 2cE þ N 2A
1=d 02  N 2M
" # 1
2c
; ð1Þ
where b is the sensitivity parameter for a target tested, c is a
nonlinear factor, andNM,NE, andNA are the standard devi-
ation (RMS contrast) of multiplicative, external, and addi-
tive noises, respectively. The value of d 0 was 1.68 (4AFC,
percentage correct 75%, Macmillan & Creelman, 1991).
The four free parameters (b, c,NM, andNA) were calculated
byminimizing the sumof the squared diﬀerences in log(c) be-
tween obtained andpredicted values. Except for b, the values
for the other three parameters were assumed to be the same
for the three targets;b valueswere used to interpret the diﬀer-
ent thresholds obtainedwith the diﬀerent targets.Note thatb
is the index of the sensitivity for a given target: the larger b is
the lower the threshold contrast, provided that the other
parameters are constant. The equation used for the F tests
for comparingb values and that used for calculating r2 values
were the same as those used in Lu and Dosher (2000).3. Results and discussion
Fig. 3 shows obtained threshold contrasts as a function of
the standard deviation of external noise. For each observer,
F tests were performed to test whether the sensitivity param-
eter b was diﬀerent for the three targets. The residual error
from the model was signiﬁcantly smaller when the value of
b for the valid target was assumed to diﬀer from that for
the other two targets than when the value of b was assumed
to be the same for the three targets. Note that this tendency
was true for all the observers, although the experienced
observer (one of the authors, HiM) showed lower threshold
contrasts probably because of his prior experience in being
an observer. Higher external noise produced a larger diﬀer-
ence in threshold contrast between the valid target and the
other targets. This is consistent with the theoretical predic-
tion made with an assumption that the b ratio is constant.
Corresponding high r2 values (Table 1) indicated the reliabil-
ity of our data. In addition, there was no signiﬁcant diﬀer-
ence in residual errors computed with the assumption of
the three diﬀerent values of bs for the three targets compared
to that computed with the assumption of the two diﬀerent
values of bs (one for the valid target and the other for the
invalid and the single-bar targets). See Table 1.
The analyses revealed that the contrast sensitivity for the
valid target was higher than that for both (a) the single-bar
ig. 3. Threshold contrasts required for 75% correct responses as a function of the standard deviation of external noise. Each panel represents data from
ach observer. Filled squares, open triangles, and open circles represent data for the valid, the invalid, and the single-bar targets, respectively. Solid lines
re based on the best-ﬁtting parameters for the valid target; coarse-dot lines are based on the best-ﬁtting parameters for the invalid and the single-bar
rgets. Fine-dot lines represent the predicted threshold contrasts for the valid target, based on the coarse-dot lines on the assumption of the same
ﬃciency for the single-bar and the valid targets.
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Summary of statistical analyses
Observer Model
bvalid5 binvalid = bsingle bvalid5 binvalid5 bsingle
F(1,7) p r2 b ratio F(1,6) p
EL 22.73** .002 .961 1.896 .5406 .490
HaM 6.512* .038 .963 1.278 .1148 .746
YY 6.737* .036 .972 1.310 .4498 .527
HiM 11.78* .011 .977 1.358 1.646 .247
* p < .05.
** p < .005.
5 This result also excludes the explanation based on the disparitytarget and (b) the invalid target. First, the ratio between the
value of b for the valid target and the value of b for the sin-
gle-bar and invalid targets averaged over the observers was
1.461 (Table 1). A b ratio value that is greater than 1 indi-
cates that the contrast sensitivity to the valid target is high-
er than that to both the single-bar and the invalid targets.
The obtained value is almost identical to the predicted ra-
tio,
ﬃﬃﬃ
2
p
, computed with the assumption that the valid and
the single-bar targets are processed with the same eﬃcien-
cy.4 Second, the sensitivity to the invalid target was lower
than that to the valid target, indicating that the visual sys-
tem cannot eﬃciently process a pair of unmatched elements
that do not meet the long-distance requirement. These two
results are fully consistent with the idea that the visual sys-4 This analysis is based on Pelli and Farells (1999) scheme. Because
the stimuli we used here were a spatial step function, the signal energy for
the single-bar target Esingle is represented by sc2single, where csingle is the
threshold contrast for the single-bar target and s is the signal area of the
single-bar. Because the area of the valid target is twice as large as that of
the single-bar target, the energy for the valid target Evalid is represented by
2sc2valid, where cvalid is the threshold contrast for the valid target. If the
single-bar and the valid targets are processed at the same eﬃciency,
required signal energies should be the same, sc2single ¼ 2sc2valid. Hence, we
obtain csingle=cvalid ¼
ﬃﬃﬃ
2
p
. Following this assumption, the predicted b ratio
between the valid target and the single-bar target bvalid/bsingle is also
ﬃﬃﬃ
2
p
.tem has a detector that responds to a stimulus that meets
the long-distance requirement.
The second result, that sensitivity to the invalid target
was lower than that to the valid target,5 excludes the expla-
nation for the ﬁrst result based on probability summation.
It is possible to assume that a target is detected at a high-
threshold (i.e., a distractor is never categorized as a target),
although this assumption seems to be inappropriate (see
Footnote 3). Based on this assumption, one can argue that
the sensitivity to the valid target being higher than that to
the single-bar target is due to the observers adopting adetectors that may respond to the potential disparity contained by the
phantom stereogram. As Mitsudo, Nakamizo, and Ono (2005) discussed,
a pair of unmatched portions in the phantom stereogram might be
considered as a disparity (i.e., the magnitude is the bar distance): an
uncrossed disparity for the valid target and a crossed disparity for the
invalid target. According to this idea, the visual system ﬁnds the target by
using disparity detectors that respond to a potential disparity, not by using
the detector for unmatched elements. The disparity-detector explanation,
however, is incorrect because it does not predict that the obtained
contrasts for the valid target were lower than those for the invalid target.
That is, if this explanation is correct, the threshold contrasts for the invalid
target would be lower than those for the valid target, because detection is
known to be easier for crossed disparities than for uncrossed disparities
(Landers & Cormack, 1997).
H. Mitsudo et al. / Vision Research 46 (2006) 1180–1186 1185strategy of detecting one of the two unmatched elements of
the valid target. According to this probability-summation
explanation, the probability of detecting one of two ele-
ments is higher than that of detecting the single element
for a given contrast value. Therefore, at a particular perfor-
mance level the sensitivity to a two-element target is expect-
ed to be higher than that to a one-element target. This
explanation, however, cannot account for the diﬀerence
in contrast sensitivity between the valid and the invalid tar-
gets. If the probability-summation explanation were cor-
rect, contrast sensitivity would be the same for the valid
and the invalid targets, because both targets were composed
of the same two elements. Indeed, we found no reliable dif-
ference in contrast sensitivity between the invalid target and
the single-bar target. This result is consistent with the theo-
retical prediction of the absence of probability summation
with a low-threshold assumption (see Footnote 3).
Because we experimentally focused on the existence of a
mechanism sensitive to the long-distance requirement, our
results cannot reveal whether the detection of each local
unmatched element is based on a mechanism sensitive to
the adjacent requirement or that sensitive to luster/rival-
rous elements. Nevertheless, based on our results, we can
state that the visual system is more sensitive to a stimulus
that meets the long-distance requirement than to one that
meets the adjacent requirement or to luster/rivalrous
stimuli.
The present results suggest that the visual system has an
eﬃcient mechanism for generating stereoscopic surfaces
from spatially separated unmatched elements. This claim
is apparently inconsistent with Tsai and Victors (2005) re-
sults obtained with a ‘‘sieve’’ stereogram, for which binoc-
ularly rivalrous patches were always seen behind the
ﬁxation plane. They found that the depth magnitude from
the unmatched elements was not inﬂuenced by the spatial
arrangement of the elements. This apparent inconsistency
can be explained by assuming that human stereoscopic pro-
cessing is optimized for recovering occluding surfaces seen
in front of a ﬁxation plane. This idea also explains the dif-
ference in the exposure duration required to see depth: a
few seconds for a sieve stereogram (Tsai & Victor, 2000)
and less than 200 ms for a phantom stereogram (Mitsudo
et al., 2005).
Monocular illusory surfaces, such as that seen with the
Kanizsa ﬁgure, are enhanced when a crossed horizontal
disparity is introduced at the edges of luminance-deﬁned
inducers (for a review, see Howard & Rogers, 1995). The
long-distance stereoscopic detector proposed in this paper
can explain this enhancement, although this idea has not
been tested experimentally. In the stereo Kanizsa ﬁgure, a
crossed disparity at the vertical inducing edges enhances
the illusory occluder, whereas an uncrossed disparity does
not. If the outer edges of the inducers are fused, horizontal
disparities at the inducing edges are accompanied by binoc-
ularly unmatched regions; the unmatched regions in the
crossed case satisfy the long-distance requirement, but the
regions in the uncrossed case do not. The enhancementof the illusory surface seen with the stereoKanizsa ﬁgure
is likely produced by the same mechanism that produced
the phantom occluder.4. Conclusion
We provided psychophysical evidence that the visual
system has a stereoscopic detector that responds to a stim-
ulus that meets the long-distance requirement for the per-
ception of occluding surfaces. The binocular surface
perception from unmatched elements depends critically
on the spatial arrangement of the elements, rather than
on locally detected unmatched elements.Acknowledgments
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